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Reservoir compaction commonly occurs after production 
causes a significant pressure reduction in highly 
compressible formations that are relatively thick, shallow, 
and large in lateral extent. The compaction acts as an 
important drive mechanism for highly compressive reservoirs, 
but it may also cause severe and expensive damage to 1) 
surface facilities due to subsidence, and 2) subsurface 
equipment due to lateral and vertical movements of the 
formation. The magnitude of damage is well documented for 
the Wilmington Field, California, but documentation is 
scarce in other cases such as the Lost Hills Field, 
California.
Papers reviewed in the petroleum industry's literature 
have not attempted to use reservoir performance and 
subsidence models in conjunction with one another. The 
oversight of not coupling the models together has resulted 
in this thesis. This thesis uses a predictive material 
balance method to improve and/or verify the selection of 
rock properties for three commonly used subsidence models, 
so that together they will better describe how the surface 
will subside and the reservoir will perform. This was 
possible because the material balance method and subsidence 
models incorporate the common parameters of pore-volume 
compressibility and reservoir pressure.
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Two producing oil fields were used to check the 
validity of using a material balance method in conjunction 
with subsidence models. In the first case, the Lost Hills 
Field, pore-volume compressibility was the least accurately 
defined parameter for simulation, so it was varied until the 
production performance history matched. This production 
derived pore-volume compressibility was then used in three 
surface subsidence models. For the second case, the 
Wilmington Field, pore-volume compressibility was well 
defined from laboratory measurements, so the lab supported 
compressibility was confirmed by a material balance method 
and then used directly for subsidence calculations.
Work by the author has shown that the use of a material 
balance procedure with an elastic subsidence model can 
improve simulation of reservoir's performance and associated 
subsidence. The material balance method and the subsidence 
models possess common parameters but predict different 
events, so together they allow for an improved reservoir 
characterization with verification.
The author concludes that using material balance with a 
subsidence model worked very well for both the Wilmington 
and Lost Hills oil fields. Also, results from the three 
subsidence models reveal that the Geertsma (1973) numerical 
technique worked better than the Morita et al. (1988) 
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This thesis shows how a reservoir performance model can 
be used in conjunction with a surface subsidence model so 
that the reservoir's characteristics are better confirmed 
than by using the models independently. For example, the 
two types of models may be used to better determine the 
value of pore-volume compressibility (Cf) . This rock 
property can be quite significant as a reservoir drive 
mechanism and/or a subsidence parameter. This is true in 
the Lost Hills Field near Bakersfield, California, where 
laboratory measured Cf ranges from 25 to 115 microsips (1 
microsip = 1 *10*6 1/psi) while oil compressibility (C0) is 
approximately 5 microsips and gas compressibility (Cg) is 
approximately 1100 microsips at bubble-point pressure. 
Another example is the Wilmington Field in Long Beach, 
California, where pore-volume compressibility ranges up to 
140 microsips, but oil compressibility is approximately 21 
microsips with gas compressibility approximately 600 
microsips at bubble-point pressure. The magnitudes of these 





Ct = total compressibility
S0 = oil saturation, fraction
C0 = oil compressibility
S0 = water saturation, fraction
Cw = water compressibility
Sg — gas saturation, fraction
Cg = gas compressibility
Cy = pore-volume compressibility.
Thus, it is apparent that in highly compressible reservoirs, 
this value should be well defined for accurate reservoir 
engineering work, especially before a significant gas 
saturation develops.
In many computational methods, subsidence calculations 
are directly proportional to the pore-volume 
compressibility, so an accurate knowledge of this value is 
critical for an accurate forecast of subsidence. Laboratory 
measurements of compressibility yield approximate values, 
and these values may not be representative of the whole 
reservoir, or the measurements may underestimate Cf due to 
hysteresis effects.
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If laboratory measurements of Cf are not considered 
adequate, then the material balance equation can be used to 
better determine the value of Cf. This may be accomplished 
by history matching reservoir performance through trial and 
error of Cf, The resulting Cf may then be used in an 
appropriate subsidence model. This method has been 
successfully applied in this thesis to the Lost Hills Field. 
If laboratory measurements of Cf are considered adequate, 
then they may be further verified in a suitable subsidence 
model. Once verified, improvement on other material balance 
parameters is possible. This has been done for the 
Wilmington Field. In both cases, the subsidence and 
performance of the Lost Hills and Wilmington Fields were 





Several authors have discussed surface subsidence above 
compacting hydrocarbon reservoirs, water reservoirs, and 
mines. However, none of the literature reviewed 
incorporated a subsidence model with a production 
performance model. However, several practical and 
interesting articles on subsidence and reservoir performance 
have been published.
Bleakley (1986) summarized some of the details 
concerning oil fields with significant subsidence. The six 
oil fields which experienced the greatest subsidence were 
Wilmington, Inglewood, Bachaquero, Lagunillas, Ekofisk, and 
an unnamed field in the Soviet Union. Bleakley further 
reported that subsidence requires at least one of the 
following 1) compressible rock, 2) thick reservoir, 3) large 
pressure drop, and 4) large areal extent. Although Bleakley 
concentrated on oil and gas reservoirs, Dolan (1986) has 
pointed out that the problem is also caused by ground water 
withdrawal. Subsidence has been observed from Tokyo to 
Venice to Denver. Table 1 was reproduced from Dolan's 
paper, and it reveals some of the major cities that have 

























































Mexico City 8.50 225
Denver 0.30 320
Las Vegas 0.66 40
San Joaquin Valley 8.80 13500
Baton Rouge 0.30 650
After Dolan (1986)
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Long Beach, California and the San Joaquin Valley, 
California. These are the same areas of interest in this 
thesis.
Three commonly referenced methods for predicting 
subsidence have been evaluated. These methods are not 
effected by the type of fluid in the reservoir. Geertsma 
and van Opstal (1973) published a paper that contains a 
numerical method to determine subsidence for any reservoir 
geometry with any given pressure distribution. However, the 
method was developed for an elastic reservoir that is 
surrounded with rock of similar elastic behavior. According 
to Geertsma and van Opstal, the reservoir is dominant, so 
this elastic similarity only needs to be within the same 
magnitude.
Shortly after publishing the previous paper, Geertsma 
(1973) published another paper. In this second paper, he 
discussed subsidence in general and also presented an easier 
to use form of the earlier published numerical method. This 
easy form assumes constant thickness and depth, uniform 
pressure drop, and a circular reservoir in addition to the 
previous paper*s requirements.
Morita et al. (1988) used the results of a finite- 
element model to generate graphs that could be used for a 
disk-shaped reservoir of constant thickness with uniform
T-4075 7
pressure drop. Their model was developed for a linearly 
elastic reservoir and surrounding rock. The model requires 
the input of caprock and basement properties. However, 
since these are usually not available, this finite- element 
model may be too sophisticated for oil field use.
Many authors have examined interesting rock 
characteristics which undoubtedly influence subsidence but 
are hard to quantify and implement. Kohlhaas and Miller 
(1969) discussed a method to handle pressure dependence of 
rock properties with rock compaction. Later, Smits and de 
Waal (1986) investigated the possibility of pressure lags by 
low permeability zones (shales) with sandstones being 
responsible for nonlinear behavior, but they decided that 
nonlinear behavior of field compaction was likely the result 
of rate effects. De Waal and Smits (1985) also published 
another paper that stressed the importance of loading rate 
over pressure-lag effects. They tested their nonlinear 
model with the Bolivar Coast Reservoir (Venezuela), 
Wilmington (California), and Gronigen (Netherlands). In 
general, they concluded that the elastic models were too 
pessimistic. Later, Smits, de Waal, and van Kooten (1986) 
discussed a procedure for handling abrupt compaction in the 
case of a carbonate experiencing pore collapse as in 
Ekofisk.
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A two-part paper published in Tectonophysics (1980a, 
1980b) described efforts to model Wilmington with a finite- 
element model under elastic and inelastic scenarios. The 
authors recognized two shortcomings of the elastic model. 
First, the size of the simulated subsidence bowl was over 
estimated horizontally. They reasoned that this was an 
inadequacy of the elastic model since 1) there were likely 
no material restraints to restrict the observed subsidence 
bowl, and 2) they believed that the pressure reduction zone 
should be greater than the bowl limits, but the results were 
contrary to this. Second, they concluded linear models were 
very poor for matching rebound from water injection.
However, these authors had more success with an inelastic 
model. The small amount of rebound was better matched along 
with a slightly underestimated horizontal extent of the 
bowl. It should be noted that they admitted limited 
accuracy for pressure and rock property data. Rock 
properties were assigned on the basis of depth of burial 
using experimental results from elsewhere. Both the elastic 
and inelastic model yielded reasonable values for both 
horizontal and vertical displacements (Kosloff, Scott, and 
Scranton 1980a; Kosloff, Scott, and Scranton 1980b).
Many early attempts at a simple calculation of 
subsidence at Wilmington were fairly successful. Grant
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(1956) published a review of five early papers that 
forecasted subsidence. Hudson (1957) later published a 
forecast and strongly urged unitization and waterflooding. 
During the same year, DeGolyer and MacNaughton (1957) 
published a report showing the considerable pressure drop 
for the producing zones with allocated production.
Huey (1964) published a paper summarizing reservoir 
characteristics by fault block along with the water 
injection implemented up to 1964. He also revealed some of 
the initial unitization agreements. Another paper published 
by Mayuga (1968) described the geology of Wilmington. Later 
reports by Allen (1969) and Colazas (1979) summarized 
compressibility data, updated forecasts, and described the 
general theory of compaction at Wilmington. These last two 
reports on Wilmington subsidence are considered the most 
credible (Strehle, 1990).
Lost Hills has experienced less subsidence in a less 
populated area and conseguently generated less interest.
Most of the efforts on subsidence modelling for this field 
has been accomplished by Mike Bruno of Chevron Oilfield 
Research Center. Bruno has applied both Geertsma's Simple 
Analytic Model and a finite-element model. Bruno has shown 
little is to be gained by a sophisticated model until the 
input is adequate (Bruno 1990). Additional information has
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been gained from an offset field. The nearby Belridge Field 
has encountered similar problems from the Belridge Diatomite 
formation, and a group of consultants published their 
findings of simulating the compaction (Chase, Todd, and 
Dietrich 1988).
Since the Lost Hills Field lies within the San Joaquin 
Valley, an attempt at quantifying subsidence in the Lost 
Hills area due to groundwater withdrawal was necessary. Ten 
USGS articles discussing this concern offered insight. 
Basically, these papers reveal that the groundwater 
withdrawal resulted in less than a foot of subsidence in the 
Lost Hills area (Bull 1964; Lofgren and Klausing 1969; Riley 
1970; Miller, Green, and Davis 1971; Bull and Miller 1975; 
Bull 1975; Bull and Poland 1975; Lofgren 1975; Poland, 
Lofgren, Ireland, and Pugh 1975; Ireland, Poland, and Riley 
1984)
Basic reservoir engineering principles incorporated 
herein were chiefly obtained from three reservoir 
engineering books. The methods of Tarner and Muskat for 
predicting a solution gas drive reservoir's performance are 
fully explained. Their assumptions include




3) Insignificant gravity segregation forces
4) Oil and gas phase equilibrium
5) No water encroachment
6) Negligible water production




Three commonly referenced models were examined for the 
calculation of subsidence. These three models are similar 
to most models since they are based on elastic behavior.
The first involves a graphical technique presented by Morita 
et al. (1988). The technique involves using the results of 
a computer program based on a finite-element model. The 
results were generated for a disk-shaped reservoir of 
constant thickness at a uniform depth that undergoes a pore 
pressure change. In order to use the graphs, establish 
hydrostatic bulk compressibility (Cb), matrix 
compressibility (C^) , pore pressure change (dP), depth (D ), 
thickness (H), approximate reservoir radius (R), Young's 
moduli for reservoir (Er) and caprock (Ec), and Poisson's 
ratio for reservoir (vr) and caprock (vc) . In order to use 
this method, perform the following:
1) Calculate /^1-fC^/CJ
2) Calculate log {[Er/ (2 (l + vr) ) ] / [EJ (2 (l + vc) ) ]}
3) Calculate H/R
4) Calculate D/R
5) Using the values of 2), 3), and 4), enter Figures 
1 and 2 to find values of Clt and C3
T-4075 13
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Values of Cj for Graphical Technique 
Morita et al. (1988)
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Figure 2
Values of C3 for Graphical Technique 
Morita et al. (1988)
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6) Determine reservoir compaction at reservoir center 
(AH) with C,[(l+Vr)/(1-Pr)] [ (l—2vr) /Er] fi H dP
7) Determine subsidence above reservoir center with
2 C3 (1-vJ [1 - ( (D/R) 2/ (1+ (D/R) 2) 05) ] AH
Unfortunately, this much information regarding 
surrounding rocks is usually not well known. Therefore, 
several approximations are required. However, in cases 
where the Young's modulus is less than 2 0 percent or greater 
than 150 percent of the surrounding formation's Young's 
modulus, Morita et al. believe their nonlinear finite- 
element model to be superior to a linear model.
The next model examined is an analytic model presented 
by Geertsma (1973). It requires the assumption of 
elasticity for both the reservoir and surrounding rocks. 
Also, the model assumes the properties of the surrounding 
rock are the same as the properties of the reservoir. By 
doing so, the strain experienced by individual nodes 
(nuclei) are summed to find the total subsidence resulting 
from a pressure reduction. The analytic model uses the 
following relation for estimating the vertical component of 
subsidence:
Uz(.r,0) =-2 [Qn(l-v) (dP) (H) U(p,f|))] <2)
where
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Uz (r, 0 ) subsidence located at a distance r 




(1/3) (Cb) ((1+v) f(l-v)) (l-fC^/Ch)) , 





dP pressure change 
formation thickness
A Bessel function.
Values of "A” are dependent upon depth, reservoir 
radius, and distance from reservoir center. See Table 2 for 
values of "AM. Equation (2) has limitations. For the 
nucleus of strain concept to work, the surrounding rocks 
have to have similar properties to the reservoir rock. It 
is also based upon a circular reservoir at a given depth. 
Finally, the values in equation (2) must be constant 
throughout the reservoir. These limitations may result in 
poor success by the analytic model.
Since the Lost Hills and Wilmington Fields are not 
ideal systems, a third method has been evaluated (Geertsma 
1973). Geertsma's numerical technique for the nucleus of 
strain concept is much more flexibility with regards to 
varying reservoir shape, thickness, Poisson's ratio, and
T—4075
Table 2
Values of A for use in Geertsma * s Analytic Method
p=r/R 
r,=D/R
r=radius; distance from 
reservoir center 
R=reservoir radius 
D=depth to reservoir top
V
p .000 .200 .400 .600 .800 1.00 1.20 1.40 1.60 1.80 2.00 3.00
0.0 1.00 .804 .629 .486 .375 .293 .232 .186 .152 .126 .106 .051
0.2 1.00 .798 .620 .477 .368 .288 .228 .184 .150 .124 .105 .051
0.4 1.00 .779 .592 .451 .347 .272 .217 .175 .144 .120 .101 .050
0.6 1.00 .735 .538 .404 .312 .247 .199 .163 .135 .114 .097 .049
0.8 1.00 .630 .443 .337 .266 .215 .176 .147 .123 .105 .090 .047
1.0 .500 .383 .311 .256 .213 .179 .151 .129 .110 .095 .083 .045
1.2 .000 .154 .187 .179 .162 .143 .126 .110 .097 .085 .075 .042
1.4 .000 .072 .110 .122 .120 .112 .102 .093 .083 .074 .067 .040
1.6 .000 .040 .068 .083 .088 .087 .082 .077 .071 .065 .059 .037
1.8 .000 .025 .045 .058 .065 .067 .066 .063 .060 .056 .052 .034
2.0 .000 .017 .031 .042 .048 .052 .053 .052 .050 .048 .045 .032
3.0 .000 .004 .008 .012 .015 .017 .019 .021 .022 .022 .022 .020
After Geertsma (1973)
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pressure change. However, there must still be reasonable 
closeness in rock properties of the producing formation and 
the surrounding rock. The following eguation developed by 
Geertsma calculates surface subsidence assuming no lateral 
strain:
Dfe(x.y,0)~(C.(l-v)/,O £ ■ ^  f l  (3)
n=i ( (x-xn)2 + (y-yn)2+zn2)1>5
where
Uz(x,y,0) = subsidence located at a coordinate
of (x,y,0)
N = number of nuclei
dPn = local reservoir pressure reduction
Zn = depth of center of gravity of n-th
nucleus
xn,yn = coordinates of n-th nucleus (node)
txn,tyn,tzn = dimensions of n-th nucleus (node)
for x, y, and z directions
Cm = uniaxial modulus of compressibility
v = Poisson1s ratio
n = 3.1416...
A computer program that is based upon equation (3) was 
written by the author, and the program is generic enough for 
use in many reservoirs (Geertsma, 1973). A copy of the 
program is included in Appendix A.
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The reader should note that varying the compressibility 
with pressure is possible if the information is available. 
Simply use various compressibilities over different pressure 
drops. This type of nonlinear elastic behavior has been 




ae effective normal stress, 
°h~P
n





A predictive material balance approach was used for 
simulation of reservoir performance. This approach reveals 
trends, permits forecasts, and does not require absolute 
permeability data. This approach will allow for pore-volume 
compressibility to either be improved or verified.
A typical Tarner program was examined for use in this 
thesis, but Tarner1s method has several limitations which 
were presented in Chapter 2. Some of these limitations 
included neglecting water production, water encroachment, 
and water injection. Additionally, rock compressibility is 
handled inappropriately for highly compressive reservoirs 
undergoing a large pressure drop. The water production is 
significant at the fields examined. For example, water cuts 
of about 40 to 80 percent at the Lost Hills Field are 
currently recorded. On the other hand, water influx has 
been reported for the Wilmington field. Another important 
parameter included is rock compressibility. For a highly 
compressive reservoir, rock compressibility can be the major 
drive mechanism above bubble point and until a significant 
gas saturation develops. The conventional Tarner program 
could thus result in serious errors. In order to improve
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upon some of the limitations of a typical Tarner program, 
the author has written a predictive material balance program 
that includes water production, water encroachment, water 
injection, and rock compressibility. A copy of the program 
is included in Appendix B.
For the modified Tarner program, the material balance 
equation used is
N=













original oil-in-place, stb (stock- 
tank barrels)
cumulative oil produced, stb
cumulative water influx, rb 
(reservoir barrels)
oil formation-volume factor, rb/stb 
solution gas-oil ratio, scf/stb 
gas formation-volume factor, rb/scf 
cumulative gas production, scf 
cumulative water production, stb
B w water formation-volume factor, 
rb/stb
cumulative water injection, stb





initial solution gas-oil ratio, 
scf/stb
initial water saturation, fraction 
water compressibility, 1/psi 
pore-volume compressibility, 1/psi 
pressure change, P ^ - P ^ ,  psi.
Equation (5) was derived from the general material balance 
equation available in the literature. This form neglects a 
free gas cap, but all other terms are included. It should 
be noted that the author better approximated the 
contribution due to pore volume change. The normal material 
balance equation uses a Taylor series approximation to 
represent the pore volume change, but for the cases where 
the product of CfdP is not considerably less than unity, 
serious errors result. So, the exponential form better 
approximates the case of large pressure drop in a highly 
compressive reservoir.
A simple aquifer model was included in the program.
The following equation approximates the contributions of a 
small and/or relatively low permeability aquifer in the 
program
We=(Cw+Cf) (W) (dp) (6)
where





W water compressibility, 1/psi 
pore-volume compressibility, 1/psi 
initial aquifer volume, RB 
pressure change, psi.
It is recognized that equation (6) will not be sufficient in 
certain cases.
The program requires the use of a schedule of expected 
oil production with water injection. The program 
essentially notes a given oil production and then injects 
water accordingly. The user is free to speculate how oil 
production will be affected by water injection.
The calculation of produced water is performed by the 
use of a log WOR (water-oil ratio) vs. Np relationship. The 
user looks at past production records and determines the 
best slope and Y intercept of this plot. The material 
balance program is given these values of slope and Y 
intercept, so that WOR at different stages of cumulative oil 
production can be calculated. This should allow for a 
reasonable history match and forecast. The author did not 
attempt to use relative permeability curves for water and 
oil since these are not well defined for the endpoints of 
the curves, and the ends by irreducible water saturation is 
the region where primary recovery is occurring.
T—4075 24
The material balance equation is also dependent upon 
fluid and rock properties. Fluid properties may be obtained 
from either PVT reports or correlations. Rock property 
correlations for pore-volume compressibility are generally 
inadequate, and laboratory measurements are preferred.
Common types of laboratory measurements are presented 
briefly in Chapter 5.
Since the previously described material balance 
equation alone is inadequate for prediction when free gas 
flows, another equation must be used to properly define the 
system. Recalling that
Rk= B°BJ K^ o  +R (7)
K  u.
where
Rk = producing gas oil ratio, scf/stb
B0 - oil formation volume factor, rb/stb
Bg = gas formation volume factor, scf/rb
H0 = oil viscosity, cp
lig = gas viscosity, cp
Rs = solution gas oil ratio, scf/stb
Kg/K0 = relative permeability ratio of
gas to oil
the problem can be solved (Craft and Hawkins 1959). PVT
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data allows for all variables in equation (7) to be defined 
except for Kg/K0 values. These are a function of liquid 
saturation. Either correlations or measured values may be 
used to determine a set of Kg/K0 values.
Since Kg/K0 is a function of liquid saturation, the 
saturations must be determined by the program. For a highly 
compressible reservoir, the saturation calculation must 
consider the changing pore volume, or the resulting errors 
can be considerable. A typical Tarner program assumes the 
pore volume does not change. The other interesting 
consideration is the change in water volume due to 
compressibilities, production, and influx. A typical Tarner 
program does not consider these changes in water volume. 
Therefore, the program was developed to more accurately 
define liquid saturation.
Recalling that the definition of pore-volume 
compressibility at constant average stress is
a simple integration may be performed assuming that pore- 











= pore volume at pressure 2
= pore volume at pressure 1
P2 = pore pressure at pressure 2
P1 = pore pressure at pressure 1 .






volume of water at pressure 2 
volume of water at pressure 1 .
The previous two equations (9,10) allow for a more 
sophisticated calculation of liquid saturation. Oil 




The water saturation (Sw) is then approximated by
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S„i^ % L exp-c',iVf'l)- W pBsw.+w^ 
s=--------  (12)w NBoi c ip-p) —  exp * 2 1
where all terms have been previously defined. Adding oil 
saturation and water saturation yields liquid saturation.
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Chapter 5
INTERRELATIONSHIP OF BULK AND PORE-VOLUME COMPRESSIBILITIES
Bulk and pore-volume compressibilities are related to 
each other, but the type of loading greatly affects the 
value of these parameters. The type of loading applied in 
the laboratory should closely resemble reservoir conditions 
if the proper value is to be measured. However, if the 
laboratory loading condition is inappropriate, it is still 
possible to determine the correct value of compressibility 
under the more appropriate loading scenario.
The uniaxial bulk compressibility (Cm) is required by 
both Geertsma*s analytic and numerical techniques. On the 
other hand, hydrostatic bulk compressibility (Cb) is 
required for the Morita et al. graphical technique. 
Furthermore, pore-volume compressibility (Cf) is used in the 
material balance equation, and this value depends upon how 
the reservoir is deforming.
Sawabini et al. (1972) presented a useful breakdown of 
loading classifications which is shown in Figure 3.
Although most measurements of bulk compressibility are 
cheaply and easily made under hydrostatic loading 
conditions, reservoirs are generally better represented by 
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dimensions relative to thickness will deform predominantly 
in the vertical plane. Geertsma developed an equation to 
relate Cb and Cm for linearly elastic deformation. The form 
of this equation presented by Teeuw (1971) is
C»=T  Cb 4t-^t (1_- (13>m 3 b (1-v) Cb
where
Cm = uniaxial compressibility
Cb = bulk compressibility
v = Poisson*s ratio
(lateral to longitudinal strain)
= matrix compressibility.
Geertsma (1957) also developed a relationship between 
bulk and pore-volume compressibility under hydrostatic 
stress. Starting with the relation
(14)
dP ma 4>
which for a constant external stress simplifies to
dvz = r C P + . ^ - C^  (-rdP) (15,VD -  <t>
so that the hydrostatic pore-volume compressibility is
sL <16>
t Vpdp M  4>
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Equation (16) can generally be further simplified to
since matrix compressibility is usually considerably smaller 
than bulk compressibility. The unexpected negative sign in 
front of the bulk compressibility is resolved by the way 
that Geertsma arrives at its value. Under the same loading 
scenario, he defines the value of bulk compressibility as
(a negative value for pressure decrease). Thus, under 
hydrostatic loading, bulk compressibility is easily 
translated to pore-volume compressibility.
Geertsma (1957) extended his ideas to a relationship 
between hydrostatic bulk and uniaxial pore-volume 
compressibility under uniaxial loading as






which upon rearranging is
(20)
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-Cm- C £  (21)
As mentioned earlier, the unexpected negative sign is 
resolved by the way Geertsma denotes bulk compressibility. 
Therefore, from equations (17) and (21), it is seen that 
under either hydrostatic loading or uniaxial loading, bulk 
compressibility is approximately the product of Cf and 
porosity. One should recall that since hydrostatic and 
uniaxial bulk compressibilities are not equal (unless 
p=lf2), pore-volume compressibilities from hydrostatic and 
uniaxial loading are different. However, the appropriate 
pore-volume compressibility for material balance 
calculations is usually the uniaxially derived one.
For the Lost Hills Field, a Cf was determined from 
trial and error with material balance. Since this reservoir 
is best represented by uniaxial loading, the uniaxial bulk 
compressibility for subsidence calculations in the Geertsma 
models was readily found with equation (21) and the 
hydrostatic bulk compressibility for the Morita method byf
equation (20).
For the Wilmington Field, triaxial measurements of bulk 
compressibility resulted in uniaxial bulk compressibility 
since lateral deformation was not allowed. This allowed for 
a material balance Cf to be determined by equation (21) and
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hydrostatic bulk compressibility for the Morita method by 
equation (20).
Thus, as Teeuw (1971) has pointed out, Cm may be 
obtained from either direct or indirect measurement. Direct 
measurement could involve an oedometer cell test or a 
modified triaxial cell test. The indirect method involves a 
requirement of linear elasticity with a knowledge of 
Poisson's ratio. Teeuw concluded uniaxial compressibility 
is ideally measured by triaxial apparatus since an 
evaluation is made independent of Poisson*s ratio. However, 
hydrostatic compaction data is relatively simpler and 
cheaper to obtain, and it can be translated into adequate 
uniaxial compaction data for well consolidated and friable 
rocks. Additionally, translation by equation (13) is also 
relatively insensitive to errors in Poisson's ratio as shown 
in Figure 4.
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( l + v ) / ( l - v )  VS. V
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This elliptical and elongated field is developed upon a 
doubly plunging anticline which is aligned perpendicularly 
to regional compression. The flanks of the anticline dip to 
the northeast at approximately thirty degrees and southwest 
at approximately seventeen degrees. From seismic work, it 
appears that the anticline may be sitting upon a ramp 
thrust. See Figure 5 (Medwedeff 1989).
Production at Lost Hills is mainly from two Upper 
Miocene formations known as Reef Ridge and McClure. The 
Reef Ridge formation contains the Belridge Diatomite member 
and Brown Shale member while the McClure formation contains 
the Antelope and McDonald members (Figure 6). Noting the 
geologic time scale, the Diatomite is approximately six 
million years old (Julander 1990).
The diatom frustules that were deposited in the area 
consist of an unstructured mineral known as Opal-A. With 
increasing temperature and depth, the Opal-A undergoes a 
transition whereas it becomes a more structured mineral 
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Lost Hills Geologic Time Scale
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quartz with still greater temperature and pressure. 
Diagenetic phase changes allow for density, porosity, and 
compressibility variations with depth. The Opal-A comprises 
most of the Belridge Diatomite. Diatomite has been 
explained by Stosur and David (1976) as a "...hydrous, 
noncrystalline form of silica or opal composed of 
microscopic shells of diatoms, which are microscopic, single 
celled, aquatic plankton plants." The Belridge Diatomite 
contains fairly equal amounts of silica, clay, and silt 
(Julander 1990). However, the Belridge Diatomite does 
appear to become more sandy to the northern end of the field 
(Beatty 1990).
Rock Mechanics
Pore-volume compressibilities measured by Terra Tek for 
Well 12-10 in Section 32 are shown in Table 3. However, 
these cores are near the Opal-A and Opal-CT phase boundary, 
so these values are too stiff (ie. incompressive) to be 
representative of the system. Other measurements by 
Chevron's Oilfield Research Center showed Cf, pore volume 
compressibility, to be approximately 4 0 to 70 microsips. 
Below a threshold effective stress of 1000 to 1100 psi, 
values up to 115 microsips have been measured in the
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Table 3
Lost Hills' Triaxially Measured Pore-Volume Compressibility
SAMPLE CONFINING STRESS
(microsips)






Diatomite at the Lost Hills Field , and a value of 320 
microsips for the Lost Hills Field has been reported above 
the threshold effective stress (Stosur and David 1976; Chase 
et al. 1988).
Also, Terra Tek arrived at the Poisson's ratios in 
Table 4 at a confining pressure of 1500 psi. Thus, a wide 
range of possible values of Poisson's ratio exists.
According to Terra Tek's report, the ultrasonic is generally 
more representative since the measurement is taken under 
reservoir conditions and also because the measurement is a 
dynamic measurement. The ultrasonic data is obtained by a 
mechanical pulse which generates compressional and shear 
waves whose velocity is related to Poisson's ratio and the 
Young's modulus. The ultrasonic data would indicate 
Poisson's ratio ranges from 0.12 to 0.26. Similarly, 
Belridge Field in California has a reported static Poisson's 
ratio between 0.14 and 0.19 with a Young's modulus ranging 
from 0.17-0.032 *10+6 psi (Strickland 1985). Although, this 
Young's modulus range is much less than that of most 
sandstones, it is typical for diatomite. Additionally, work 
by Dowell on a Lost Hills' core indicates a value between
0.11 and 0.20 (Chevron Table 29 1989). Thus, there is a 
range of possible values, but a value of approximately 0.2 0 
appears to be most representative of Lost Hills' Diatomite.
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Table 4








Using lab measurements by Terra Tek on Well 12-10, rock 
failure (structural collapse) for the Belridge Diatomite 
increases pore-volume compressibility approximately 50 
percent when the effective stress (overburden pressure minus 
reservoir pressure) enters the range of 1000 to 13 50 psi. 
This is the net effective stress where elasticity is lost. 
See Figure 7. By using an average of Well 12-10's 
laboratory derived effective stress at failure as 
representative of the entire reservoir, an effective stress 
failure of 1125 psi allowed calculation of the necessary 
reservoir pressure for failure. The necessary reservoir 
pressure for failure was calculated using the 0.82 psi/ft 
lithostatic load noted on Chevron Geoscience's logs using 
the formation's midpoint as a datum. These reservoir 
pressures resulting in failure are shown in Table 5.
This definitely points out that failure is a major 
concern in the southern and deeper end of the field. 
Published material at the Belridge Field allows an inference 
that Belridge Diatomite failure may result in a drastic drop 
in producing GOR and either a considerable increase or 
decrease in liquid rate (Chase 1988). There are two 
possible reasons for this. First, the compaction increases 
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Reservoir Pressure Required for Failure at Lost Hills
LOCATION OVERBURDEN NECESSARY AVERAGE
STRESS @BH RESERVOIR PRESSURE @BH
(psia) RESULTING IN FAILURE
(psia)
Section 30 1081 -44
Section 29 1163 38
Section 31 1245 120
Section 32 1122 -3
Section 33 1409 284
Section 5 1327 202
Section 4 1655 530
Section 9&10 1655 530
Sample Calculation: Section 30
Failure Pressure = 1081 psia - 1125 psia = -44 psi
where 1125 psi is the effective stress resulting in failure
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Second, there is an alteration of absolute and relative 
permeability as the rock is deformed.
Transient well test analysis, a good indicator of the 
system*s effective permeability, has yielded values from 0.9 
to 3 0 md for oil. Porosity values in the lower and most 
prolific zones (zone markers BH-NBD) are approximately 50%. 
Figure 8 shows the actual range of porosity in the 
productive limits to be between 40 and 60 percent. The 
system is fairly homogeneous with respect to this unusually 
high porosity.
Fluid Properties
As seen in Figure 9, a considerable change in oil 
gravity occurs across the field. Interestingly, the oil 
becomes heavier updip. Current speculation explains this to 
be the result of bacterial degradation (Beatty 1990). The 
PVT data was obtained from recent measurements by PTS 
(Production Testing Service) and Core Lab on fluid samples 
obtained with bottomhole samplers. There is a concern that 
the fluid being tested is not entirely representative of the 
fluid at initial reservoir conditions. The sample is 
recombined with gas to obtain the supposed bubble-point 









Lost Hills Oil Gravity Map 
Chevron (1989)
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sampling. According to PVT reports, bubble-point pressures 
are in the range of 600 to 9 00 psia. Formation-volume 
factor for oil is typically less than 1.1 rb/stb, and Rsoi 
is in the range of 85 to 230 scf/stb. See Table 6 for a 
summary of PVT reports used across the field.
Initial reservoir pressure was obtained from a DST 
(drill stem test) recording approximately 1250 psi at 2000 
feet in 1948. This abnormally high pressure is supported by 
a hydraulic analogy with the Belridge Field's reported 
initial reservoir pressure which resulted in an estimated 
initial reservoir pressure of 1173 psia at 2000 feet at Lost 
Hills. A series of pressure buildups in late 1988 indicate 
the average reservoir pressure is likely below bubble point. 
There is a good reason for this. Producing GOR's are 
considerably above solution GOR (roughly more than a factor 
of five).
Production Data
Like many old fields, poor production records are a 
problem. This is especially so during the early development 
of the field. Failure to measure gas production in the 
early years has created uncertainty with regards to the 
amount of reservoir voidage. Further uncertainty exists in
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Table 6 
Lost Hills' PVT Data
Location: Section 30
Pressure B0 Rs /x0 Bg /xg
(psia)______ (rb/stb) (scf/stb) (cp) (rb/stb) (cp)
963 1.054
688 1.056 85 27.8 .02208 .0125
565 1.052 72 28.1 .02702 .0123
465 1.048 61 28.5 .03314 .0121
365 1.044 49 29.1 .04254 .0119
265 1.039 37 30.0 .05922 .0117
165 1.033 23 31.1 .09605 .0114
100 1.027 13 33.1 .15846 .0113
Location: Section 29
Pressure B0_________ R̂ __________ ^ ________ Bg_________ ^
963 1.054
688 1.056 85 27.8 .02208 .0125
565 1. 052 72 28.1 .02702 .0123
465 1.048 61 28.5 .03314 .0121
365 1.044 49 29.1 .04254 .0119
265 1.039 37 30.0 .05922 .0117
165 1. 033 23 31.1 .09605 .0114




Location: Section 31 & 32
Pressure B0_________ Rg____________  Bg_________ ^
1003 1.062
637 1.064 109 24.83 .02321 .0116
500 1.0545 89 25.31 .02921 . 0114
425 1.050 77 25. 96 .03414 .01105
350 1.0455 66 26. 88 .04127 .0108
275 1.041 53 28.26 .05240 .0105
200 1.037 41 30. 25 .07198 .0102
125 1.032 26 33.57 .11699 .0098
50 1.026 11 38.73 .30123 .0091
15 1.022 0 42.20 1.0820 . 0082
Location: Section 3 3
Pressure Bp Rs Bg jug
1130 1.062
766 1.066 122 30.57 .01835 .0126
700 1.063 114 31.22 .02020 . 0122
600 1.058 99 32.30 .02375 . 0118
500 1.0525 85 33.92 .02882 .0114
400 1.047 70 36.15 .03663 .0111
300 1.0415 54 39.35 .04986 .0106
200 1.036 38 44.10 .07647 .0102
150 1.033 30 47.00 .10196 .0100
100 1. 029 22 50.80 .15696 .0097
(continued)
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Table 6 (continued) 
Location: Section 5
Pressure B0 Rs M0 Bg jLtg
1093 1.079
650 1.084 155 6.77 .02335 .0120
500 1.073 125 7.03 .03077 .0114
400 1.067 104 7.33 .03882 .0110
300 1.0595 81 7.79 .05231 .0106
200 1.052 59 8.63 .07902 .0101
100 1.043 37 10.21 .15941 .0094
15 1.023 0 13.23 1.0740 .0072
Location: Section 4
Pressure B0_________ R*________ fiQ________ Bg_________
1250 1.077
650 1.084 155 6.77 .02335 .0120
500 1.073 125 7.03 .03077 .0114
400 1.067 104 7.33 .03882 .0110
300 1.0595 81 7.79 .05231 . 0106
250 1.056 70 8.10 .06154 .01035
200 1.052 59 8.63 .07902 .01005
150 1.0475 48 9.35 .10536 .00975
100 1.043 37 10.21 .15941 .0094
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southern end of the field due to commingled production, 
production of more than one zone through the same tubing, 
especially in Section 9. In this area production from the 
Belridge Diatomite is not well known since so many wells are 
commingled (Table 7). However, the rest of the field does 
not have commingled production, so allocation is not a major 
difficulty. These inadequate records reduce the value of 
history matching gas production. However, emphasis on the 
late time GOR's is meritorious since better records of gas 
production are available. Oil and water production are 
generally better documented, so the emphasis of history 
matching has focused primarily on these two.
Application of Material Balance
For the Lost Hills Field, pore-volume compressibility 
was calculated from material balance, and this 
compressibility was used for subsidence calculations. 
Production records, PVT data, original oil-in-place, and 
relative permeability data for Lost Hills are fairly well 
known, so the requirements for the material balance model 
were largely met. However, varying pressures, fluid 
properties, and production histories across the field have 
resulted in subdividing the reservoir.
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Table 7
Lost Hills: Section 9 Producing Zone Classification
Producing Zones Number of
Wells
1. Diatomite/Brown Shale/Etchegoin 36
2. Diatomite/Brown Shale 29
3. Diatomite/Antelope/McDonald 21
4. Diatomite 10
5. Diatomite/Brown Shale/Antelope/McDonald 5
6. Diatomite/D Sand 2
7. Diatomite/Etchegoin 1
NOTE:
This excludes 8 wells that produced from the Diatomite 
due to their complex histories.
SOURCE:
Memo from Dale Julander, 5-11-90.
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In order to account for the varying reservoir pressure, 
fluid properties, and production scenarios, the reservoir 
was subdivided into 7 tanks with the assumption that there 
is no crossflow through the boundaries between the tanks 
(Figure 10). Crossflow is likely limited due to relatively 
small pressure gradients and low permeability. Using Table 
8 to show varying reservoir pressure and noting the field is 
considerably long (approximately 48,000 feet), the small 
pressure gradients are apparent. Also, there is probably a 
canceling effect with crossflows across the boundaries since 
there are several wells per tank. Thus, each tank was 
handled on an individual basis for matching pressure and 
production by trial and error of Cf.
Measured relative permeability for oil and gas is shown 
graphically in Figure 11 for Lost Hills. However, water-oil 
relative permeability curves are inadequately known, so 
water cuts have been assigned on the basis of the previously 
mentioned log WOR vs Np plot. Since only a small primary 
recovery is expected for this tight reservoir (generally 
around 5 percent for a Diatomite), the saturations will only 
change slightly, so using past water cuts as a guide for a 
forecast is considered better than seeking water-oil 
relative permeability curves from production (which requires 
the value of Cf) . As pointed out by Thomas et al. (1987),
T-4075 55
Figure 10
Lost Hills Material Balance Tanks
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Table 8
Lost Hills* Reservoir Pressure Data for 1988
Well Average Reservoir Pressure













Lost Hills Kg/K0 
Chevron (1989)
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the endpoint areas (by and Sor) of relative permeability 
curves are difficult to define in a manner that they are 
representative of the reservoir. On the other hand, the 
Kg/K0 curve was limited flexibility for history matching. 
Laboratory measurements on Lost Hills* Vulcan 4B well and 
published material for the Belridge Field were used as 
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The Wilmington Field is located within the Los Angeles 
Basin of California (Figure 13). This elongated field is 
located upon an anticline that plunges to the northwest and 
southeast. The northeast flank dips up to twenty degrees 
while the southwest flank dips up to sixty degrees (Figure 
14). Many transverse normal faults are located throughout 
the field (Mayuga 1968).
Miocene and Pliocene aged beds contain the seven 
producing oil zones. The Repetto Formation of the lower 
Pliocene contains the Tar and Ranger (upper half) zones.
The Puente formation of the upper Miocene contains the 
Ranger (lower half), Upper Terminal, Lower Terminal, Union 
Pacific, Ford and 237 zone (Mayuga 1968) (Figure 15).
According to Mayuga (1968 p.165-166), the Repetto 
Formation consists of sands which are,”...generally 
unconsolidated, friable, and fine- to medium-grained with 
varied amounts of silt” . Mayuga has similarly described the 
Puente Formation as,"...poorly sorted, fine- to coarse­



























Upper Ter mi na I
Lower Termi naI
Figure 15
Wilmington Geologic Time Scale
T—4075 64
shale, and a few hard sandstone members...". He further 
pointed out the Puente's Ranger, Upper Terminal, and Lower 
Terminal were less consolidated than the Union Pacific,
Ford, and 237 zones. Subsidence studies by Allen (1969) and 
Colazas (1979) have both concluded that the high degree of 
unconsolidation in the upper four zones has resulted in all 
compaction being limited to these zones. Shale compaction 
can be largely disregarded because as pointed out by 
Kohlhaas and Miller (1969), the permeability of shale is 
approximately 10*6 to 10'9 millidarcies, so significant 
compaction would take millions of years.
Rock Mechanics
Different types of rock mechanic measurements have been 
made at the Wilmington Field. Results of several triaxial 
measurements on the sands from the Ranger, Upper Terminal, 
and Lower Terminal are plotted on Figure 16. The similarity 
of the data has allowed for a best fit line to be drawn.
This line was considered as representative of every zone's 
compressibility, and the values used for each zone was 
obtained from this representative line. From Colazas' 
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Wilmington Uniaxial Bulk Compressibility vs. Pressure
Colazas (1979)
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unconsolidated state along with poor core handling did not 
allow for compressibility measurements (Colazas 1979).
Poisson's ratio is an important factor for subsidence 
calculations, but actual static measurements are not 
available to the author. Kosloff, Scott, and Scranton 
(1980b) felt that a value of 0.25 was reasonable. Log 
analysis on a well in the Long Beach Unit shows a dynamic 
value between 0.35 and 0.40 (see Figure 17), but dynamic 
values are generally high (Economides and Nolte 1987). As 
revealed by Jumikis, the Poisson's ratio of a particular 
type of rock can vary greatly. For sandstone, Jumikis (1983 
Table 4-13) reported values that ranged from 0.066 to 0.62. 
So, although there is a wide range of possible values, the 
value of Kosloff et al. was used (0.25).
Although stress vs. strain diagrams are not available 
for the Wilmington Field, researchers such as Kosloff,
Scott, and Scranton (1980a) (1980b) believe the formation to
behave nonlinearly. They have reasoned that the lack of 
rebound with water injection substantiates this belief 
(Kosloff, Scranton, and Scott 1980). Some sort of elastic 
behavior with hysteresis may be the reason. Colazas (1979) 
presented a plot of void ratio (ratio of pore volume to 
grain volume) vs. pressure in Figure 18, and this graph also 
shows a hysteresis. It should be noted that a stress vs.
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Wilmington Void Ratio vs. Pressure
Colazas (1979)
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strain diagram is necessary to truly evaluate the rock 
behavior. This plot indicates a rock's elastic 
classification; linearly elastic, elastic, and elastic with 
hysteresis.
Fluid Properties
Complete PVT reports were not available to the author, 
but the use of correlations with published PVT data allowed 
for their creation. Average fluid property data for various 
fault blocks was published by Huey (1964), and these are 
shown in Table 9. Average oil gravity, gas gravity, 
temperature, and initial solution gas-oil ratio published by 
Huey were used for the generation of PVT data. The 
author's generated hydrocarbon PVT data is summarized in 
Table 9.
Standing (1981) presented the following equation to 
calculate oil formation-volume factor of a saturated crude
Bob=0 .9759+12 (1CT5) {Clftl'ob <22>
using
(CN) Bob=Rs(yg/yo)0-5+1.25T . (23)




Wilmington Field's Simulated PVT Data
Average Input (from Huev (1964))
Zone °API yg Reservoir Rsi
Temp.
(°F) (scf/stb)
Tar 13.75 0.590 124.0 91.75
Ranger 19.10 0.662 145.4 150.6
Upper Terminal 21.24 0.706 149.8 189.6
Lower Terminal 26.88 0.738 165.6 27 6.8
Output
Tar Zone
Pressure B0 Rs /xG Bg fi%
(rb/stb) (scf/stb) (cp) (rb/stb) (cp)
1140 1.053
1022 1.056 91.75 304.28 .01470 .01375
909 1.052 80 318.13 .01669 .01320
811 1.049 70 331.28 .01888 .01278
711 1.046 60 346.05 .02176 .01240
607 1.043 50 363.02 .02572 .01204
500 1.039 40 383.11 .03154 .01170
389 1.036 30 408.15 .04104 .01138
270 1.033 20 442.33 .05967 .01107
208 1.032 15 466.29 .07819 .01091
141 1.030 10 500.50 .1158 .01074





Pressure B0 R8  Bg /xg
1365 1.089
1262 1.092 150.6 18.13 .01196 .01548
1114 1.084 130 19.14 .01374 .01447
967 1.077 110 20.26 .01606 .01363
814 1.070 90 21.56 .01936 .01291
656 1.062 70 23.11 .02443 .01228
575 1.059 60 24.04 .02816 .01198
490 1.055 50 25.10 .03329 .01171
403 1.052 40 26.36 .04086 .01144
312 1.048 30 27.96 .05327 .01117
216 1. 045 20 30.16 .07786 .01091
110 1.041 10 34.02 .1540 .01063





Pressure Bc_________ Rg__________ Mo________ Bg_________ M^
1485 1.110
1377 1.113 189.6 9.29 .01078 .01658
1318 1.109 180 9.49 .01132 .01606
1193 1.101 160 9.93 .01267 .01508
1065 1.093 140 10.41 .01438 .01423
934 1.085 120 10.96 .01663 .01349
799 1.077 100 11.58 .01974 .01283
660 1.070 80 12.32 .02430 .01224
514 1.062 60 13.23 .03172 .01169
360 1.055 40 14.45 .04612 .01118
278 1.051 30 15.30 .06025 .01093
191 1.047 20 16.47 .08841 .01068
97 1.044 10 18.56 .1771 .01041
7 1.041 2 27.64 2.613 .01016
(continued)
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Table 9 (continued) 
Lower Terminal Zone
Pressure B0 Rs Bg /Ltg
1685 1.161
1601 1.163 276. 8 2.46 .009364 .01925
1344 1.141 225 2.68 .01139 .01648
1217 1.130 200 2.81 .01274 .01542
1086 1.119 175 2.95 .01446 .01452
953 1.108 150 3.11 .01672 .01373
815 1. 098 125 3 .29 .01984 .01304
673 1.088 100 3 .50 .02443 .01242
525 1.078 75 3.76 .03188 .01186
368 1.068 50 4.11 .04634 .01133
196 1.058 25 4.68 .08873 .01082
78 1. 052 10 5.49 .2257 .01048
33 1.050 5 6.27 .5405 .01036
2 1.049 2 9.56 10.46 .01027
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B0=B0jbexp ID [exp (aP) -exp (aPb) ] ] (24 )
using
£>= [4. 588893 +0 . 0025999i?s] _1 (25 )
a ——0 c 0001847 3 (26)
Table 10 summarizes generated Boi with averaged Boi for the 
different zones of interest. Standing (1981) presented a 
correlation for a California crude's bubble point pressure 
as
The resulting bubble-point pressures for the upper four 
zones are shown in Table 11.
Next, oil viscosities were calculated. The 
correlations of Chew and Connally, Beal (1970), and Beggs 
and Robinson (1975) worked poorly for matching the high 
viscosity of the Tar zone, so these correlations were 
considered inadequate for all zones. Beggs and Robinson 
tested their correlation with Beal's for dead oil viscosity 
against 93 cases from the literature, and Beggs and 
Robinson's method generally deviated from truth by a factor 
of about five while Beal's deviated by a factor of about
Pb=18.2 [ (CN) Pjb“l • 4] (27 )
where
(CN) pb= (Rs/yff)0'8310 (0.00091T-0.012SAPI) (28 )
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Table 10
Simulated Boi vs Published Boi for the Wilmington Field
Zone Generated(1) Published*2*
Boi (rb/ stb) Boi (rb/ stb)
Tar 1.053 1. 056
Ranger 1.089 1. 091
Upper Terminal 1.110 1.114
Lower Terminal 1.161 1.166
(1) Using Standing (1981) 
® Using Huey (19 64)
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Table 11










fifteen (Beggs and Robinson 1975). From a paper published 
by Sutton (1984), Chew and Connally and Beggs and Robinson 
gas-saturated oil viscosity correlations worked poorly for 
Gulf Coast crude oils (Figures 19 and 20). Khan et al. 
(1987) published viscosity correlations for Saudi Arabian 
crude oil that agreed considerably better than the 
previously mentioned ones. Higher viscosities seem to be 
better represented by this correlation as shown in Figure 
21. Khan*s correlations consist of
0.09Ya'5 . .1/3n4 5 . . . (29 )i?y3eJ-5(i-Y0)3
and
-°-14exp-2-5,1°-‘> <p-“ > (30)
where
Ha - bubble-point oil viscosity, cp
lib = below bubble-point viscosity, cp
T — temperature, Rankine
6r = T/460
y0 - stock-tank oil specific gravity
yg = solution-gas specific gravity
P = pressure, psia
Pb = bubble-point pressure, psia.


















BEGGS & ROBINSON'S CORRELATION 
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Measured Oil Viscosity - cp
Figure 19
Calculated Oil Viscosity by Beggs and Robinson Correlation
vs. Measured Oil Viscosity 
Sutton (1984)
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CHEW 6 CONNALLY'S CORRELATION 









Measured Oil Viscosity - cp
Figure 2 0
Calculated Oil Viscosity by Chew and Connally Correlation
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Comparison of Bubble Point Oil Viscosity by Different




Beal for Mod 180.11
and then Chew and Connally for Mob
Beggs and Robinson 73.82
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considerably better for the Tar zone where an oil viscosity 
of 350 cp was reported was reported by Albright (1968). 
Reservoir gas viscosity was calculated according to a 
correlation developed by Carr, Kobayshi, and Burrows. The 
equations used for determining gas viscosity (/xg) are
\Llu= [1.7 09 (10“5) -2. 062 (10~6) yg] T+ 8.188 (10-3)
-6 .15 (10~3) logyCT
and
where
 ̂. . g  Tpi) ao + ai-̂ pr + a2̂ pr + <a3̂j:
+ Tpr(&4+&5Ppz+S.QPpZ+&7PpZ) (32)
+ 7pr ( ̂8 + ̂9^pr + ̂10^px + ,3iî px)
+ Ipr ( a i2 + a i3-^jpr + a i4-^P-r + a i5-^pr )
jjig = gas viscosity at reservoir temperature and
pressure, cp
Hlu = gas viscosity without contaminant correction
at atmospheric pressure and resejrvoir 
temperature, cp
T = temperature, Farenheit
yg — gas specific gravity
Ppr = reduced pressure (absolute pressure/critical
pressure)
Tpr = reduced temperature (absolute
tern per a ture / cri tical t em per a ture )




Coefficients Required for Gas Viscosity Ratio 
(For Equation (32))
a o = -2.462
a l = 2.971
a2 = -.2863
a 3 = .008054
a 4 = 2.809
a 5 = -3.498
a 6 = .3604
a 7 = -.01044
a 8 -.7934
a 9 = 1.396
a io = -.1491
a ll = .004410
a i2 = .08394
a l3 = -.1864
a l4 = .02034
a i5 = -.0006096
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Next, the gas compressibility was obtained from 
Standing's modified forms of equations published by Brill 
and Beggs. The equations published by Standing (1981) are
Z=A+ [ (1 -A) /expB] +CPpr (33)
using
A=1.39 (Tpr-0.92) °'5-0.36rpx-0.101 (34)
B= (0.62-0. 23Tpr) + [0 . 066/ (Tpr-0 . 86) -0 . 037 ] PpT+0 . 32Ppr/l09 (r̂ -1)
(35)
C=(0.132-0.32logTpx) (36)
D=antilog(0 . 3106 -0 . 49 Tpr+0 .1824T%r) . (37)
According to Standing (1981), the critical pressure and 
temperature of California gases for negligible percentages 
of nonhydrocarbons may be represented as
Ppchc=STl +15 . 0y^c-37 . 5Yyhc <38 >
and
rpchc=168+325Y?JJC-12.5y|Jlc . (39)
Ahmed (1989) showed these limitations as 5 percent N2/ 2 
percent C02, and 2 percent H2S. Gas gravity was available, 
but composition was not, so these equations were used 
directly. Standard conditions of 14.7 psia and 60 degrees 
Farenheit allowed gas formation-volume factor to be calculated.
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Lastly, water formation-volume factor and 
compressibility was obtained from correlations. Huey (1964) 
mentioned produced water at Wilmington as a brine. He also 
stated that the Gaspur formation, a shallow salt-water 
formation used as a source for injection water, had a 
salinity of 1800 grains per gallon (3 0812 ppm). Since this 
water is compatible with the producing zones1 interstitial 
water, the author has assumed the same salinity applies. 
Water properties are relatively insensitive to salinity, and 
also the water properties have little influence on reservoir 
performance. The Hewlett-Packard (HP) 41C Petroleum Fluid 
Pac's (1984) correlations were used. Water properties were 
calculated at bubble-point pressure assuming gas saturated. 
Water data is summarized in Table 14.
Production Data
Production records from the Wilmington Field are 
incomplete. Commingled production along with poor records 
of gas production during primary recovery have presented a 
situation where the fluid withdrawal from individual zones 
will never be accurately known. Other problems arise in 
production records because of the large number of operators. 












Tar 3.04e-6 1.011 0.57
Ranger 3.05e—6 1.017 0.47
Upper Terminal 3.06e-6 1.019 0.46
Lower Terminal 3.09e-6 1.023 0.41
(1) Used HP—41C Fluids Pac (1984)
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1950*s. In 1957, DeGolyer and MacNaughton (1957 p.6) 
published a report that allocated production on the basis of 
" ...API gravity of the produced oil and the relative net 
thickness of productive sand." Since there is not an 
alternative allocation available to the author, their 
results were used for allocation of oil, water, and gas.
See Table 15 for how production was allocated.
The allocation of oil and water is probably better than 
gas. First, the volume of recorded gas produced is 
generally unrealistically low for older fields. Second,
Kg/K0 curves play a vital part in gas production, and these 
were not considered in the DeGolyer and MacNaughton (19 57) 
allocation. The limited knowledge of gas production 
restricts simulation capabilities.
Application of Material Balance
Material balance calculations were applied to the Tar, 
Ranger, Upper Terminal, and Lower Terminal zones. Original 
oil-in-place was obtained primarily from Huey's (1964) 
summary of reservoir characteristics. PVT data was obtained 
from correlations discussed previously. Production data and 
reservoir pressures were obtained from DeGolyer and 
MacNaughton (1957). Relative permeability data required the
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Table 15
Wimington Field Production Allocation
Fault Block Zones Combined Percentage of Production
or Area T R UT LT
Town Lot T , R , UT 7 36 57
I T , R , UT, LT 7 28 44 21
II T, R 13 87
H H 1 > H H 1 W UT, LT 67 33
III T, R 13 87
IV UT, LT 67 33
V-A cl F ►3 60 40
After Degolyer and MacNaughton (1957) 
LEGEND:
T = Tar Zone
R = Ranger Zone
UT = Upper Terminal Zone
LT = Lower Terminal Zone
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use of correlations and an internal THUMS (formerly a 
consortium of Texaco, Humble, Union Oil of California,
Mobil, and Shell) report (Scientific Software 1982).
Water and oil relative permeability correlations were 
examined, but the best method to match and forecast WOR 
appeared to be the use of a log WOR vs Np plot on past 
production. The Y intercept and slope allowed a 
relationship between the cumulative oil produced and water- 
oil ratio to be developed which was used for forecasting. 
Relative permeability for oil and gas was obtained from a 
report to THUMS by Scientific Software. A set of Kg/Ka 
values developed by a THUM's correlation for the Ranger zone 
was reported in an internal report for the Ranger zone, and 
this is shown graphically in Figure 22 (Scientific Software 





















Lost Hills Material Balance Review
A summary of the modified Tarner history match is shown 
in Table 16 for Lost Hills. The simulated performance is 
shown graphically for six of the seven tanks at Lost Hills 
in Figures 23 through 40. A history match was not possible 
for the seventh tank, Section 9, located in the extreme 
southern end of the field (Figure 10). This is likely due 
to the large number of commingled wells which have resulted 
in poor production allocation. However, the other six tanks 
gave reasonable matches. Cumulative oil produced and the 
associated average reservoir pressure from well pressure 
transients conducted during 1988 were well matched by the 
material balance approach (Figures 23, 26, 29, 32, 35, and
38). Actual and simulated water production matches 
generally improved after a significant amount of oil 
production was achieved (Figures 24, 27, 30, 33, 36, and
39). As shown in Figure 33, the greatest discrepancy 
occurred with Section 33. One plausible explanation 
attributes this to inadequate water allocation. This 
section has a relatively small amount of cumulative water
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Table 16













Sect. 30 {7.44} {37.58} {1126}
0 562 psia [7.33] [32.13] [1841]
Sect. 29 {8.75} {24.11} {1079}
0 603 psia [8.66] [20.57] [1122]
Sect. 31&32 {7.82} {20.43} {2127}
0 586 psia [7.82] [20.52] [2509]
Sect. 33 {3.01} {2.00} {2716}
§ 616 psia [2.99] [1.97] [3190]
Sect. 5(1) {2.56} {4.11} {4861}
0 443 psia [2.58] [4.11] [7182]
Sect. 4(2) {4.06} {5.48} {5336}
0 600 psia [4.09] [5.87] [7015]
Sect. 9 production records are not adeq
& 10 history matching due to signifi
commingled production.
NOTES
(1) The southern end of the field has wells that produce 
solely from the Diatomite and also commingled wells that 
produce from the Diatomite and other zone(s). Production 
from wells producing only from the Diatomite was multiplied 
by a correction factor of 1.148 (the ratio of all Diatomite 
producing wells to wells only producing from the Diatomite). 
Thus, all production from the Diatomite was better 
represented.
® A correction factor of 1.242, the ratio of all 
commingled Diatomite producing wells to wells only producing 
from the Diatomite was applied, so that all production from 
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Lost Hills Section 33: Reservoir Pressure vs. Cumulative Oil
Produced
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Lost Hills Section 4: Producing Gas-Oil Ratio vs. Cumulative
Oil Produced
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produced, and is therefore susceptible to greater absolute 
error in water produced when the allocation is done. 
Producing gas-oil ratios are roughly matched since these are 
only qualitatively known.
The material balance approach was applied at Lost Hills 
in order to find a better fieldwide Cf than the inconsistent 
lab data. Pore-volume compressibilities arrived at by the 
material balance approach ranged from 6 to 90 microsips.
Due to the range encountered, these pore-volume 
compressibilities were volumetricly weighted to obtain the 
best value of compressibility to use in subsidence 
calculations. The reader should note that low values of 
compressibility represent a small part of the reservoir 
volume. This volumetric weighting allows for greater 
weighting of the larger tanks which should have better 
production records. These weighting factors and associated 
compressibilities are shown in Table 17.
Wilmington Material Balance Review
The simulated performance is shown graphically for 
Upper Terminal and Lower Terminal zones in Figures 41 
through 46. A summary of the history matching is shown in 
Table 18. The Upper Terminal and Lower Terminal were well
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Table 17
Lost Hills Material Balance Derived Pore-Volume 
Compressibilities and Volumetric Weighting Factors
Location Cf Volumetric Weighting Factors
(microsips) (fraction)
Section 30 90.0 0.170
Section 29 48.0 0.209
Section 31 31.0 0.359
Section 32 8.0 0.097
Section 3 3 6.0 0.075
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Wilmington History Matching Summary of Production




Tar {27.66} {11.33} {904}
@ 460 psia [85.70] [35.18] [1123]
Ranger {184.93} {37.88} {835}
@ 330 psia [299.88] [61.61] [1045]
Upper Terminal {257.79} {66.72} {728}
@ 390 psia [258.63] [78.28] [1321]
Lower Terminal {149.30} {43.54} {870}
@ 360 psia [138.43] [37.31] [1443]
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matched for pressure with oil production (see Figures 41 and 
44). Also, water production was well matched; especially 
for later times (see Figures 42 and 45). Producing gas-oil 
ratios are of the same magnitude, and this is sufficient 
since they are poorly known. Although the program 
adequately described the lower two zones, the upper two 
zones (Tar and Ranger) were in gross error. The simulator 
greatly overpredicts (approximately a factor of two) liquid 
production for the Tar and Ranger zones. This may indicate 
either a loss of fluid pressure in the reservoir to an 
adjacent field or very poor production records. The first 
possibility would indicate that practices in the nearby 
fields dissipated reservoir pressure at Wilmington. For 
example, Long Beach Field operators produced a large volume 
of gas from the Repetto formation which also contains the 
Tar and Ranger zone. This large pressure drop occurred just 
as Wilmington was in early development stages. This may 
have had severe consequences on the Wilmington Field if 
pressure communication exists. So, although others (eg. 
Mayuga (1968) and Strehle (1990)) have discussed a small 
aquifer at Wilmington, this study shows notes a possible 
pressure sink(s). The second possibility could be the lack 
of good production records due to commingled production. 
Allocation to these zones could be inadequate.
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Subsidence Review
The three subsidence models resulted in varying degrees 
of success. Cross sections showing actual and simulated 
subsidence have been developed for the Geertsma numerical 
technique for each oil field, and these are shown 
graphically in Figures 47 and 48. The actual cross section 
for subsidence for Lost Hills runs west to east along 
California State Highway 46, and the cross section runs 
north to south through the center of the bowl for 
Wilmington. The Geertsma analytic model and Morita 
graphical method have their results summarized for each 
field*s center in Table 19. Total predicted subsidence for 
Lost Hills at the reservoir center was -8.37 feet by 
Geertsma1s analytic model and -8.35 feet by the Morita et 
al. graphical technique. The total subsidence predicted for 
Wilmington by the analytic model was -3 5.01 feet and -34.92 
feet by the graphical technique. The analytic and graphical 
solution yielded nearly identical results since 1) the 
formations were relatively thin (causing C2 and C2 to be 
close to unity) and 2) the surrounding rock was assigned the 
same properties (E and v) as the reservoir since values for 
these are not available for the caprock and basement rock. 
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Figure 47
Lost Hills: Comparison of Contoured and Simulated (Geertsma 





































Wilmington: Comparison of Contoured and Simulated (Geertsma 
Numerical Technique) Subsidence Through Bowl Center
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Table 19











Er 4 . 42*10+4 psi






Tar Ranger Upper Lower
Terminal Terminal
cb 87. S ^ O -6 89.5*10^ 84.6*10’6 78.5*10*6
C mftl 48.6*10‘6 49.7*10^ 47. 0*10-* 43.6*10‘6
^ m a 0.0 0.0 0.0 0.00.25 0.25 0.25 0.25
p  a>
c 0.25 0.25 0.25 0.25
Er 1.71*10+4 1 . 68*10+4 1.77*10+4 1 . 91*10+4
E (1) 1 . 71*10+4 1.71*10+4 1.71*10+4 1.71*10+4
R 10856 14584 10371 8864
H 122 120 234 199
dP 665 1010 1150 1260
D 2366 3171 3337 3784
NOTES:
-Young's modulus found by the relation E = 3 (1/Cb) (l-2v)
-R is the equivalent radius of the area of the productive 
limits
-if, dP, and D are the average of all nodes used in the 
Geertsma Numerical Technique 








Geertsma Analytic Model 
Subsidence at Reservoir Center
Belridge Diatomite = -8.37 ft
(2) Morita Graphical Technique 
Subsidence at Reservoir Center
Belridge Diatomite = -8.35 ft
Wilmington
(1) Geertsma Analytic Model
Subsidence at Reservoir Center
Tar = 
Ranger = 







(2) Morita Graphical Technique 
Subsidence at Reservoir Center
Tar = 
Ranger = 







(3) Geertsma Numerical Technique 
Subsidence at Bowl Center
total -30.68 ft
(4) Measured
Subsidence at Bowl Center
total -29.50 ft
NOTES:
(1) The area of measured subsidence was along Highway 
46 which is not the middle of this elliptically shaped 
reservoir or the confirmed bowl center, and Geertsma*s 
Numerical Technique was applied along this highway for 
comparison. Since the analytic and graphical methods are 
based on a circular reservoir, they should not be compared 
with the measured or numerical technique.
GOOOICO S040I MW£S
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Geertsma1s numerical technique was the most successful, and 
this seems to be the result of being able to handle the 
geometry of the reservoir more appropriately. The numerical 
technique does overestimate the size of the subsidence bowl 
(Figures 47 and 48), and this has been shown by some 
researchers as a regular occurrence of an elastic model 
(Kosloff, Scott, and Scranton 1980a).
The vertical displacement is adequately described 
though. It should be noted that observed vertical 
displacement at Lost Hills due to groundwater withdrawal is 
approximately 0.5 feet (Ireland, Poland, and Riley 1984 p. 
140). Also, the reference date for measured subsidence is 
1954, yet the field started producing from the Belridge 
Diatomite in 1948. This should cause the simulated 
subsidence (started from time zero) to be greater than the 
measured subsidence (referenced from 1954). This is the 
case. The Wilmington Field has the same reference date for 
both measured data and simulated data, and the resulting 
vertical displacement is quite close. However, the reader 
will note that Figure 47 shows a noticeable difference 
between reported and simulated subsidence on the left side 
of the plot. This may be the result of a physical 
misunderstanding of the reservoir, but there is also a 
strong likelihood that the "reported" subsidence is not
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truth. The contours of a subsidence bowl in the Colazas 
(1979) report was used to generate the "actual" subsidence 
data. These contours were an interpretation of several 
measurements by other individual(s), and this author does 




1) For the Lost Hills and Wilmington Fields, a 
material balance approach was successful when used to 
determine the most representative value of the reservoir1s 
in situ pore-volume compressibility. At Lost Hills a wide 
range of Cf (25-115 microsips under hydrostatic loading) had 
previously cast doubt which value was most descriptive of 
the reservoir, but the coupling of material balance and 
subsidence models in this work has resolved a reasonable 
value (41.8 microsips under uniaxial loading). At 
Wilmington a value of Cf equal to 135 microsips under 
uniaxial loading was verified in the Upper and Lower 
Terminal. Error in the history match of production was 
noted for Wilmington's Tar and Ranger zone, and this is the 
result of either an external pressure loss or poor 
production records.
2) Geertsma's analytic method (1973), Morita et al. 
graphical technique (1988), and the Geertsma numerical 
technique (1973) used the improved and/or verified Cf from 
material balance to successfully simulate the vertical 
extent of subsidence at Lost Hills and Wilmington.
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3) Geertsma1s numerical technique lended the most 
flexibility to reservoir geometry and varying reservoir 
pressure drop. Thus, this method yielded comparatively 
better values of subsidence.
4) Lost Hills and Wilmington are not greatly effected 
by the surrounding rock, reservoir's relative size, or depth 
to reservoir. Thus, the elastic scenario presented by 
Geertsma is reasonable at Lost Hills and Wilmington.
5) The general material balance equation must be 
modified for compressive reservoirs with large pressure 
drops since the Taylor series approximation loses validity 
when the product of Cf dP is not much less than unity.
6) The three elastic models used overestimated the 
size of subsidence bowls.
7) For highly compressive reservoirs, PVT properties 
are not as influential drive indices as rock compressibility 
until a significant free gas saturation develops.
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8) Khan's oil viscosity correlation gave a 
significantly better viscosity value than that of Beggs and 
Robinson or Chew and Connally for the heavy oil of 
Wilmington's Tar zone.
9) Depending on the accuracy of available data and 
the accuracy desired, sophisticated simulation tools for 
reservoir performance and surface subsidence are not always 
necessary. Simpler models may prove adequate.
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Chapter 10 
RECOMMENDATIONS FOR FURTHER WORK
Very interesting additional research is possible in the 
area of subsidence. Due to time limitations, the fields 
under study were evaluated only under primary recovery, but 
the author believes that the rock compressibility during 
waterflood will change due to hysteresis, and thus the Cf 
under waterflood could also be improved and/or verified by 
applying material balance. This new compressibility could 
be used to match rebound and further subsidence across the 
field.
Since this work noted the possibility of pressure loss 
of the Wilmington's Tar and Ranger zones to surrounding 
fields, the author firmly believes that additional work 
should be attempted at refute or support this hypothesis.
An association of earthquakes with subsidence has been 
reported for the Wilmington Field. Examining the 
interrelationship of these two could establish whether the 
earthquakes induced reservoir compaction or the compaction 
caused some earthquakes. It might then be possible to 
determine the magnitude of subsidence which could be 
attributed to earthquakes.
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If a more sophisticated reservoir simulator is desired 
than the one developed in this thesis, the author recommends 
examining the dependency of permeability with compaction. 
Reservoir compaction should alter rock properties such as 
relative and absolute permeabilities. Some work has focused 
on absolute permeability, but just as important would be the 
study of the alteration of relative permeability (Scorer and 
Miller 1974). This significantly effects recovery.
Using a type curve to estimate reservoir pore-volume 
compressibility would be a good approach. Fetkovich's type 
curve is a means to estimate rock compressibility during the 
analytical region. The analytical region would allow the Cf 
to be directly calculated. This type curve could be applied 
by well, area, or field. This could prove an alternative 
means of improving and/or verifying pore-volume 
compressibility.
Work by Bruno (1990a) points out that well failures 
induced by subsidence are generally the result of lateral 
movements of the formation. Further research could involve 
the simulation of well failure with the improved and/or 
verified pore-volume compressibilities.
As mentioned earlier, subsidence is not restricted to 
oil and gas fields, so continued study could benefit several 
groups. Another area that would be an extension of the work
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in this thesis would be to apply the same concepts to 






empirical rock constant 
oil gravity 
parameter
gas formation-volume factor, rb/scf 
oil formation-volume factor, rb/stb 
formation-volume factor of saturated oil, 
rb/stb
initial oil-formation volume factor, rb/stb 
water-formation volume factor, rb/stb 
parameter
hydrostatic bulk compressibility 
pore-volume compressibility 
gas compressibility






adjustment factor by Morita
adjustment factor by Morita 
parameter
depth to top of reservoir 
pressure change
pressure reduction of n-th nucleus 
reservoir 's Young's modulus 
caprock's Young's modulus 
cumulative gas produced, scf 
reservoir's thickness 
relative permeability to gas 
relative permeability to oil 
empirical rock constant 
original oil-in-place, stb 
cumulative oil produced, stb 
fluid pore pressure 
bubble-point pressure, psia 
reduced pressure 
reservoir•s radius
radial distance from center of circular 
reservoir
producing gas-oil ratio, scf/stb 
solution gas-oil ratio, scf/stb 
initial solution gas-oil ratio, scf/stb 
gas saturation
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Sa = oil saturation
Sw = water saturation
= initial water saturation, fraction
T = temperature, degrees Farenheit
Tpr = reduced temperature
txn - dimension of n-th nucleus in x-direction
tyn = dimension of n-th nucleus in y-direction
tzn = dimension of n-th nucleus in z-direction
Uz = subsidence
Vp — pore volume
Vw = water volume
W = initial aquifer volume, rb
We = cumulative water influx, rb
= cumulative water injected, stb
Wp = cumulative water produced, stb
Z = gas compressibility
Zn = depth of center of gravity of n-th nucleus
GREEK:
vr = reservoir's Poisson's ratio
vc = caprock's Poisson’s ratio
v = Poisson’s ratio
w = 3.1416...
oe = effective normal stress
oh = hydrostatic stress
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Ai0 = oil viscosity, cp
iirt = dead oil viscosity, cp
= bubble-point oil viscosity, cp 
fib = below bubble-point oil viscosity, cp
fig — gas viscosity at reservoir temperature and
pressure
Hlu = gas viscosity without contaminant correction
at atmospheric pressure and reservoir 
ternperature 
(p = porosity, fraction
yg = gas specific gravity
er = T/ 460
yQ = stock-tank oil specific gravity
NUMBERING SUBSCRIPTS:
1 — first pressure
2 = second pressure
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Table 2 0 
Swi and Sor for Wilmington Zones









(1) From Huey (1964)
By Poston et al. (1967) Method
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Appendix A: Geertsma Numerical Technique Program
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C CHEVRON USA INC. 1990
C BRIAN OWENS
C SUBSIDENCE MODEL— GEERTSMA NUMERICAL TECHNIQUE
C
C DECLARATION OF VARIABLES
C
REAL XO,YO,ZO, V,CM,TX,TY,TZ,TE,DD,QMAX(1000),PMAX(1000) 
+,P(10,1000),NP(10,1000),T(10,1000),Pi(10000),NEEDEDP(1000) 




OPEN(UNIT=2 2, FILE=’NUMVALUE.DAT', STATUS='OLD')OPEN(UNIT=20, FILE='COORD.DAT', STATUS= ’OLD•)
C










C READING IN VALUES FROM THE FILE COORD.DATA
C
DO 40 K=1,1000
READ(20,*,END=55) X(K), Y (K), Z (K),H(K),PI(K),PA(K)
N CELL=N CELL+1 
40 CONTINUE
55 WRITE(*,*) 'COORDINATE DATA FILE READ'
DO 60 KK=1,NCELL





80 WRITE(*,*) 'PRESSURE DISTRIBUTED*
NEM=1
C








YNEW(NEM)= Y (IMC)+((J+l)*(TY/S2))-(.5*TY/S2) 
ZNEW(NEM)= Z(IMC)+((K+l)*(H(IMC)/S3))-(.5*TZ/S3) 






C CALCULATION OF SUBSIDENCE —  CONSIDERS INFLUENCE OF TOTAL SUBCELLS
C
DO 300 ISC=1,(S1*S2*S3*NCELL)
IF ( PIl(ISC) .EQ. Pl(ISC) ) THEN 















NUCLEUS OF STRAIN INFORMATION
File: NUMVALUE.DAT
This file contains numbers that are necessary to define 
the system. The following are inputted
Xo, Yo, Zo, si, s2, s3, v, Cm, tx, ty, XP
Xo, Yo, and Zo are the coordinates where surface subsidence 
is desired. These are referenced to the same origin as the 
file COORD.DAT.
The terms si, s2, and s3 are subdividing factors for 
the intial cells in the x, y, and z direction. So, if the 
user wanted to subdivide the initial cells with sl=3, s2=4, 
and s3=5, then 60 subcells would be created which would help 
to minimize discretization errors. The intial cell is 
literally sliced twice in the x direction, thress times in
the y direction, and four times in the z direction. The
program has been limited to a total of 10000 subcells due to 
the possibility of entering a wrong value that would 
increase computer costs.
The value v is Poisson's ratio.
The uniaxial bulk compressibility is represented by Cm.
tx and ty represent the intial cells dimensions in the 
and y direction, respectively. Initial cells at Lost hills 
measured 1760 feet by 17 60 feet while Wilmington used 2063 
feet by 2063 feet.
XP is an option to simulate how the filed will simulate 
after an additional uniform pressure drop across the field. 
This saves the user time from manually adjusting each 
pressure value in the COORD.DAT file. If the user wants an 
additional pressurer drop of 200 psi, then that person 




This file contains the data of intial cells to be used 
int the Geertsma numerical technique for subsidence. The 
program will will automatically subdivide each of these 
cells as specified in order to eliminate discretization 
errors (see the information on the file NUMVALUE.DAT). 
However, the user must still supply the information for the 
initial cells. These initial cells should be made down to 
the smallest size which the user feels good data can be 
supplied. The coordinates (X,Y, and Z), initial thickness 
(H), initial pressure (PI), and average pressure (PA) for 
simulation of subsidence are supplied by the user for each 
cell. The order of data for each row in this data file is
X, Y, Z, H, PI, PA
The method used to subdivide the reservoir into intial 
cells is as follows. Choose a coordinate system for X, Y, 
and Z so that all are positive. X and Y are lateral while Z 
is depth. Next, for each desired cell, record the X, Y, and 
Z at the top of each cell and closest to the origin. Now 
record their respective initial pressure, initial thickness, 
and desired average pressure for the calculation of 
subsidence. The pressure may be obtained with the material 
balance program. Thus, the program lends flexibility with 
future forecasts of production.
ARTHUR LAKES LIBRARY 
COLORADO SCHOOL OF MINES 
GOLDEN. CO 80401
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Appendix B: Predictive Material Balance Program
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C TARNER MATERIAL BALANCE PROGRAM 
C BRIAN OWENS, 1990
C CHEVRON USA, INC
C





























OPEN (UNIT=12, FILE=’PRODFORE.DAT',STATUS='OLD') 
OPEN (UNIT=15, FILE=’RESULTS.OUT*,STATUS='N E W )
C
C READING IN PRODUCTION DATA WITH ASSOCIATED PRESSURE
C FOR GENERATING RELATIVE PERMEABILITY CURVE
C
SUMA = 0
DO 5 I = 1,1000
READ (1, * ,END=10) PRESl(I) ,CUMOIL(I),CUMGAS(I),RP(I) 
SUMA = SUMA + 1 
5 CONTINUE
C
C READING IN PRODUCTION FORECAST AFTER WATERFLOOD
C
10 DO 99 I = 1,1000
READ (12,*,END=105) DNPAWI(I),DWIAWI(I) 
99 CONTINUE
C GAS CONVERSION FROM MMSCF TO SCF
T-4075 160
C
105 DO 410 I =1,SUMA
CUMGAS(I) = CUMGAS(I)*1000000 
410 CONTINUE
C
C READING IN PVT DATA
C
SUMB = 0
DO 11 J= 1,1000
READ(2,*,END=101) PRES2(J),B02(J),RS02 <J),U02(J)
+ ,BG2(J),UG2(J)
SUMB =SUMB + 1
11 CONTINUE
C
C READING IN RELATIVE PERMEABILTIY DATA, LAB OR THEORETICAL
C
101 SUMC = 0
DO 12 K = 1,1000
READ (3,*,END=102) SLIQ(K),KGKO(K)
SUMC = SUMC + 1
12 CONTINUE
C
C READING IN RESERVOIR INFORMATION DATA
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C
102 READ (9,*) PBAR,PABN,PB,INCMNT,SWI,CF,CW,W,IW,
+ BOI,RSOI, bw,S,B,WP,PWI,AA,NYI,VOLUME
C
C PUT THE DESIRED PREDICTION PRESSURES IN AN ARRAY
C
VALUE = 0
P = PB + INCMNT 
DO 13 L=1,1000
PNOW(L) = P - INCMNT
P = PNOW(L)
VALUE = VALUE + 1





400 DO 14 M=l,VALUE







C HISTORY MATCHING, DETERMINE KG/KO FROM PRODUCTION
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C TO CHECK VALIDITY OF LAB KG/KO 
C
WRITE (8,*) ’KG/KO FROM PRODUCTION DATA’
WRITE (8,32)
32 FORMAT (’LIQUID SATURATION10X,'KG/KO’)
DO 15 PERM=1,SUMA













SCALC = SO + SWI
IF (SCALC .LT. (1.0)) THEN
RELK=(RP(PERM)-RSO)/((UO/UG)*(BO/BG) 









C THE FIRST RUN OF THE PROGRAM GAVE KG/KO DATA FROM PRODUCTION.
C EXTRAPOLATE THE PRODUCTION'S KG/KO DATA BY HAND BY
C USING THE CORE LAB DATA TO GUIDE THE ADJUSTMENT OR














C THIS IS THE HEART OF THE PROGRAM. FOR A DECREASE IN
C PRESSURE, NEW PVT DATA IS OBTAINED BY INTERPOLATION,
C AND THE GOR IS ESTIMATED. IF THE GOR IS ACCEPTABLE
C TO BOTH MATERIAL BALANCE AND PRODUCING GAS OIL RATIO
C EQUATIONS, THE PROGRAM PROCEEDS TO CALCULATE PRODUCTION.
C IF THE GOR IS UNACCEPTABLE, THE PROGRAM DOES TRIAL AND
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C ERROR UNTIL BOTH EQUATIONS ARE REASONABLY SATISFIED.
C THE WOR FOR EACH STEP MUST ALSO BE MET.
C
DO 18 RES = 2,VALUE











CALL INTERPOLATE (PNOW(RES),A ,SUMB,UG)
500 RAVE=(RP1+REST)/2
C







C CALCULATION OF WATER ENCROACHMENT
C
WE=(CF+CW)*W*(PBAR—PNOW(RES))









C FOR THE FIRST PRESSURE STEP, USES AN AVERAGE WOR?C FROM NP=0 TO THE FIRST PRESSURE STEP
C





C ALLOWING FOR WATER INJECTION IF PRESSURE FOR WATER INJECTION ISMETC
DO 501 1=1,(NYI-1)
IF ((((NP-NPBWI)*VOLUME) .GE. {AA*DNPAWI(I))) .AND.
+ (((NP-NPBWI)*VOLUME) .LT. (AA*DNPAWI(1+1)))) THEN 
WI=AA*DWIAWI(I)/VOLUME 














C IF LIQUID SATURATION IS GREATER THAN UNITY, INCREASES LIQUID
PRODUCTION
C SO THAT THE FIRST PRESSURE BELOW BUBBLE POINT ALLOWS A GAS
SATURATION TO 
C DEVELOPC
IF ((SLNEW .GT. 1.0) .AND. (DELTANP .GT. 0.0)) THEN 
DELTANP=1.0005*DELTANP GOTO 505 
END IF









C CHECK MATERIAL BALANCE EQUATIONC
CHECK = (NP*OIL)+((GP+(RNEW*DELTANP))*GAS)+ 
+ ((WP-((WE+WI)/BW))*WATER)
IF((RK .LT. Y) .OR. (RK .GT. X) .OR. (CHECK .LT. (.9999))
























C PUT OUTPUT TO A FILE OF RESULTS
C
WRITE(4,*) ’CF = ’,CF,'PSI-1'
WRITE(4,*) 'INJECTION/OOIP RATIO', IW
WRITE(4,*) 'AQUIFER PRODUCTIVITY INDEX (BBL/PSI)•,API
WRITE(4,*) 'P INITIAL IS EQUAL TO',PBAR
WRITE(4,*) 'P BUBBLE IS EQUAL TO',PB
WRITE(4,*) 'P ABANDONMENT IS EQUAL TO ',PABN
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WRITE( 4 , * ) 'DECREMENT OF PRESSURE FOR TARNER',INCMNT
WRITE(4,*) ’STB OF OIL IN PLACE FROM VOLUMETRICS', VOLUME
WRITE(4, * ) 'MMSCF OF GAS IN PLACE FROM VOLUMETRICS',TOTALGAS 
WRITE(4,*) 'RESULTS FROM TARNER ARE'
WRITE(4,30)








































REAL P, I, Y 
INTEGER SUM,A
COMMON/PVTK/ PRES2,B02,RS02,BG2,U02,UG2,SLIQ,KGKO 
IF (A .EQ. 1) THEN 
DO 10 1=1,SUM










IF (A .EQ. 2) THEN 
DO 11 1=1,SUM









IF (A .EQ. 3) THEN 
DO 12 1=1,SUM









IF (A .EQ. 4) THEN 
DO 13 1=1,SUM










IF (A .EQ. 5) THEN 
DO 14 1=1,SUM









IF (A .EQ. 6) THEN




IF (P .GT. SLIQ(I)) THEN 
GO TO 15
ELSE



































intial reservoir pressure (psia)
abandonment reservoir pressure (psia)
bubble point pressure (psia)
pressure step for material balance (psi)
initial water saturation (fraction)
pore volume compressibility (1/psi)
water compressibility (1/psi)
size of aquifer in reservoir barrels, since
the material balance approach is based on 1
STB, enter as a ratio of aquifer to reservoir
size
a ratio of water injected to origianl oil in 
place during primay recovery (eg. pilot 
waterflood)
initial formation volume factor for oil 
(rb/stb)
initial solution gas oil ratio (scf/stb) 
water formation volume factor 
slope of log WOR vs. Np plot 
Y intercept of log WOR vs. Np plot 
starting point for first water production 
during first pressure step; simply use a 
small number such as .0001 and the program 
self adjusts.
if desire to incorporate waterflood project, 
enter pressure sto start water injection, 
otherwise enter zero
if desire to incorporate waterflod project, 
enter apportionment of how much injected 
water tank will receive (fraction), otherwise 
enter zero
if desire to incorporate waterflood, enter 




By row enter saturation pressure (psia), oil formation 
volume factor (rb/stb), solution gas oil ratio (scf/stb), 
oil visosity (cp), gas formation volume factor (rb/stb), and 
gas viscosity (cp). These rows start with bubble point 




By row enter enter liquid saturation (fraction) and 
corresponding ratio of Kg to K0. This should start with the 
lowest liquid saturation expected and increase to a 
saturation of 1.0. Gas saturations less than critical 




This file contains pressure and associated production. 
The availability of these numbers allows the program to 
determine an estimate of relative permeability from 
production. These calculated values are placed in a data 
file called CALCKGKO.DAT. These may be compared to lab or 
theoretical curves to see if an adjustmetn is needed in the 
choice of which values to ues. This is not very beneficial 
unless several values are well known. This calculation has 
been simplified by using the concept of constant pore 
volume, and negligible water production, influx, and 
injection (essentially a Typical Tarner program). This may 
or may not be satisfactory.
